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INTRODUCTION

Up to now coatings containing chromate have been widdly used by the manufacturing,
trangportation and defense industries because of chromate's effectivenessin providing corrosion
resstance; however, chromium (Cr V1) has an extremey low (1 mg/nt) persond exposure limit
(PEL) (2) and is considered a carcinogen. Consequently, there has been a pressing need for the
development of effective, environmentaly- and occupationdly-friendly coatings for corrosion
protection (2 and references therein).

It has been previoudy reported (2) that the University of Rhode Idand (URI) Corrosion
Laboratory has developed a new non-chromate aternative, which contains titanium insteed of
chromium. The titanium formulation provides the same protection as chromate coatings and has
matched test data for chromated surfaces (3). Wash primers and other chromate-free coatings
need to be developed aswell. A wash primer containing the eectroactive polymer polyaniline
was developed and corrosion tested by Yang et al. (4).

Because many coated surfaces are in direct contact with aqueous solutions (pipes,
bridges, ships, to name afew) it is necessary to assess the effects that biofilm formation on the
surfaces may have; the combined effects are known as microbialy-influenced corroson (MIC)
or biocorrosion (5-6). The assessment usudly involves exposure of amaterid sampleto a
microorganism suspenson, followed by corrosion evauation of the sample. Prdiminary results
regarding the expasure of duminum aloy samplesto a suspenson of P. atlantica (amarine
bacterium) have been reported (2).

This technica report presents the second stage results of research consisting of: corrosion
testing of 10x3-in duminum aloy pands, development of €ectrophoretic coatings and wash
primer, and assessment of biofilm effects.
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METHODSAND RESULTS
Corrosion Testing of 10x3-in Aluminum Alloy Panels
Materials

Aluminum dloy 2024 T3 was the materia substrate used for al coating and biocorrosion
invedtigations. Terrinch long by 3-in wide, 0.032-in thick panels were obtained from Q-Pandl
Lab Products. Thisdloy does not have good corrosion resistance due to its copper content, yet it
isan dloy widdy used in aerospace gpplications due to its high strength. 1t is recognized as one
of the more difficult dloysto protect from corroson and as such has become an unofficid

gtandard to use for measuring the ability of aternates-to-chromates to protect aluminum aloys.

Sample Preparation

The procedure for coating the Al 2024 T3 was a multi-step process involving degressing,
cleaning, deoxidizing, converson coating and drying with intermediate ringng sepsin didtilled
water. An organic solvent was used for initid degreasng, usudly acetone. Following ringng in
distilled water the pand was dipped in acommercia caustic cleaner, Turco 4215, for 5 minutes.
After ringng again in didtilled water, the pand was then placed in Smut- Go, acommercid
deoxidizer for 5 minutes. Following another rinse, the panel was placed in the titanate-based
conversion coating. In this bath, different gases could be passed through the solution.  After the
converson coating bath, the pand was given itsfind rinsein didtilled water and left to air dry.
The rationde behind usng commercidly available cleaners and deoxidizers was that minimal
change to the accepted industrial process shoud be made to the conversion coating process.

Corrosion Testing

The test used to compare coating performance in this study isa sdt spray test. By saturating air
with a 5% by weight sodium chloride solution a 95°F, a very aggressve environment within a
chamber surrounds atray on which samples are placed. These samples are examined on adaily
bass to determine any change in gppearance. For Al 2024 T3, the sgnificant changes are
gppearance of awhite gelatinous substance from corrosion of duminum and ared to brown color
from the copper within the dloy, ether of which representing corrosion of the sample.

It was noted that aten minute conversion coating — which was the usua procedure — |eft
avery uneven codaing with poor performance, in that the coating lasted 15 days prior to
corrosion at areas which were dark gray or black. One thought was that maybe the dark gray or
black areas were oxidation products from copper in the dloy and if these products could be
reduced, then the corrosion resistance would improve. In previoustesting on 1-in wide by 4-in
long by 0.032-in thick samples, these dark areas were not present and lasted 30 days in salt spray
without corrosion being found. Panels of Al 2024 T3 were prepared using a nitrogen purge
during converson coating. However the performance of these pands did not improve the over
that previoudly reported (2).

Asthe nitrogen purge was unsuccessful, it was decided to determine the effect of
conversion-coating time on the surface gppearance of the coated panels. Conversion-coating
timesof 1,3, or 5 minutes were used ingtead of the norma 10 minutes to determineif the time of
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conversion coating affects the surface finish. Indeed, with shorter times, the dark areas were not
present (figure 1).

FIGURE 1. 10x3- inch pand of Al 2024 T3 after converson coating.

A comparison of the corrosion resistance related to coating appearance can be obtained
by comparing figures 2 and 3 below. A coating with the dark areas after conversion coating lasts
less than one day in sdt spray chamber as shown in figure 2.

FIGURE 2. Sample with dark areas present from conversion coating after 24 hours of sdt spray.

Dark areas, both as streaks and individua discrete locations can be observed on the pand,
indicating poor corrosion performance. By contrast, a panel with no dark areas after converson
coating, after the same period of salt spray testing shows little dark regions, figure 3, indicating
good corrosion performance.
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FIGURE 3. Pand after sdt spray for 24 hours, initialy no dark areas were present after conversion
coating.

This variation in performance with coating appearance indicates that dark areas after
coating are Sgnificant to coating corrosion performance. However, they can be controlled by the
time of immersion in the converson-coating bath. It should be pointed out that a comprehensive
study of conversion coating processes and coating performance measured by cyclic polarization
and st spray can be found in Guo (3).

Generdly, if the coating lasts one day it will have a corrosion resistiance comparable to
chromates. It was shown previoudy (3) that over avery short time period the open circuit
potentid of coated Al 2024 T3 increases, indicating a protective surface was developing. This
change in surface during exposure to sodium chloride solution has to occur rapidly, otherwise the
opposite process to protection, corrosive attack, will occur asthe Al 2024 T3 dloy corrodesiif
not protected in some manner. From this study it is clear that a coating with dark aress after
conversion coating has a decreased performance in comparison to a coating which does not
exhibit these aress.

Development of Wash Primer and Electrophoretic Coatings:

During this stage of the project, Sx candidate formulations for a chromate-free wash

pretrestment were designed. All six formulations were tested for adhesion to metal and for their
effectiveness for corroson resistance. ASTM B117 tests were performed on 4x10-in Al 2024
panels coated with wash pretreatment alone (most panels were tested for 336 hours, some for 500
hours) and on samples coated with both the wash pretreatment and an epoxy primer overcoat
(tested for 1000 hours). Control pands were chromate surface-pretreated Al 2024 panels either
without or with epoxy topcoat. It was found that the performance of the wash primer is
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competitive with the corresponding chromate surface pretrested samples.  Both the controls and
the samples pass the standard tests.  Figure 4 shows a close-up photo of the scribed lines (1-mm
width) after 1000 hours of salt-fog spray exposure according to the ASTM B117 standard. The
images show that both the control (with chromate surface conversion) and the sample (with non
chromate wash pretreatment) performed better than passing the standard corrosion tests. There
was no corrosion in the scribed area of the exposed duminum dloy surface. This may indicate
that the ingredients in the pretrestment are able to provide protection of the intentionally
damaged (scribed to expose bare aluminum) area of the samples, a phenomenon referred in the
literature as a self-heding coating. Since the base metd is duminum dloy 2024, the kind of
arcraft duminum aloy most difficult to protect from corrosion, resuts suggest that the
conducting polymer wash pretreatment is a useful replacement for the conventiona chromate
wash pretreatment.

A clean and shiny scraiched area after salt-gpray does not prove the self-heding
mechanism, however. The release of the inorganic inhibitor into the aqueous phase will provide
amore definitive proof and thiswill be explored in future research.

FIGURE4. Photo image of scribed lines after 1000 hours of ASTM B117 sdt-fog spray test.  Left
sample: Al 2024(non-chromate wash pretreatment)/epoxy. Right sample (control): Al 2024
(chromate surface conversion, dodine 1200)/epoxy. Note that both samples show sdlf-heding a
the scribed area.

During the tests, it was dso found that one type of wash pretreatment is more efficient
than the others: the best wash pretrestment contains a composite of inorganic and organic
components (7). Preliminary tests show that the particles have the desirable and limited water
solubility and nearly neutrd pH (5-6). A particle of the composite materia condgsts of an
inorganic core (e.g. MoOz or CeO,) and an organic shell (double-strand polyaniline, an
eectricaly conductive polymer). The sze of the particle ranges from 100 nm (eg.
CeO2:palyaniline compodte) to 10 nm (e.g. MoOs:polyaniline compogte). A transmission
electron microscope picture of the nanocomposite CeO-:polyanilineis shown in figure 5. The
advantages of thistype of micro- and nanocomposites are two-fold: (@) both components of the
hybrid materia provide complementary and synergidtic functions for corrosion inhibition, (b) the
composite materid can be easly formulated as additives to any commercid nonchromate wash
pretreatment or primer products; it can be used as a pigment for paint.

The different formulations of the wash pretrestment of auminum surfaces influence the
adhesion to the water-borne epoxy overcoat prepared by eectrophoretic coatings. One
formulation showed the best performance for adhesion to the electrophoretic overcoat of epoxy.
These samples were scribed to expose bare auminum and were tested for performance in the
sdt-fog spray tests. It was found that the non-chromate additive provides corrosion inhibition
and that the performance is competitive with chromate-conversion treated duminum dloys.
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100 nm

FIGURES. TEM image of a nano-composite of CeO- core with polyanilineshell.  The nano
particles are used as additive to the wash primer in one of the formulations developed in this
research.

Assessment of Biofilm Effects (Biocorrosion)

Bidfilmsof Pseudoalteromonas atlantica were established (as described in reference 2 and in the
Appendix) on bare, unpolished duminum aloy Al 2024 T3 samples (7.6x7.6-cm).
Electrochemica impedance spectroscopy (EIS) was used to assess biocorrosion, i.e. the biofilms
contribution to corroson (8-10). Preiminary results (2) seemed to suggest that the presence of
bacteria on the aloy samples provided aresistance to corrosion as the impedance vaues increased
with exposure time,

During this second stage of the project, the presence of bacterid biofilms on the surface of
metal samples was confirmed by fluorescence microscopy and modeling of the raw EIS data by
equivaent dectrica circuits was accomplished.

Fluorescence Microscopy

In order to observe P. atlantica biofilms formed on the surface of the duminum dloy samples,
the experimental set-up hasto be taken gpart. The meta sampleisthen rinsed filtered (0.2 nm),
derile seawater to remove any loosely-atached materia from the surface. Then, the bacterid
biofilm is fixed with a 4-% formal dehyde solution for a couple of minutes, rinsed with filtered
DI water (0.2 nm) and findly fluorescently labeed with SYBR green (Molecular Probes) for half
an hour (ex. 488-nm).

Figure 6 shows P. atlantica growing in aone-week old biofilm formed on Al 2024; the
photograph was taken using a confoca scanning (argon) laser microscope.
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FIGURE6. Confocd scanning laser microscope image of aone-week P. atlantica biofilm formed
on bare Al 2024 T3.

Equivalent Circuit Modeling of EIS Raw Data

To quantify the specific contribution of the bacterid biofilm to the overdl corroson of the meta
sample, modeling of the raw data (2 and Appendix) by equivadent circuits was done. Figure 7
shows the equivalent circuits for the control (bare metal samples exposed to sterile seawater) and
for the biocorrosion experiment (bare metal samples exposed to the bacterial suspension). The
oxide layer shown in the figure forms naturaly on Al 2024 T3. The variableto focusonisRt,
the charge transfer resstance: Rt is proportiond to the corrosion resistance of the metd;
therefore, the higher this vaue the more resistance (or inhibition) to corrosion the biofilm
provides.

Figure 8 shows the change in charge transfer resistance over a period of 4 weeks. The
extracted data (11) show that Al 2024 T3 exposed to a bacteria suspension of P. atlantica hasa
lower charge transfer resistance as compared to the control (no bacteriain the medium); the 50%
decrease in resstance is achieved at about 2 days after exposure to the bacterial suspension and
remains constant throughout the duration of the experiment. A lower resistance trandates into an
increased corrosion rate of Al 2024 T3. This resistance decrease may be caused by extracdllular
acid polymers secreted by the biofilm’s bacteria (12).
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FIGURE 7. Equivdent circuits of the impedance spectra circuit | for duminum aloy 2024 T3
exposed to suspension without P. atlantica (control); circuit I1 for duminum aloy 2024 T3
exposed to a P. atlantica suspension

Other Experimental Observations

Metal Sample Sterilization: Initidly the assembled experimenta set-ups were serilized by
autoclaving for 20 minutes at 121 °C previous to initiating the experiments (2). It became
obvious that autoclaving resulted in corrosion of the metal sample (it was mentioned above that
Al 2024 T3 is very susceptible to corrosion due to its high copper content (4%). It was decided
then to Serilize the whole sat-up overnight with UV light in alaminar-flow hood.

Switch from aluminum alloy 2024 T3 to 3105: Because of the same reason, high copper
content, it was decided to conduct future experiments with aluminum aloy 3105 (0.3% copper
content); thiswill minimize any corroson which may result from the sample preparation steps.
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FIGURE 8. Charge trandfer res stance as a function of time.

CONCLUSIONS

1.

2.

The conversion-coating time affects the quality and the performance of the coating. Longer
times result in amore uneven surface and poor anticorrosion protection of the coating.
Different wash formulations for the pretrestment of aluminum surfaces influence the

adhesion to the water-borne epoxy overcoat prepared by eectrophoretic coatings. One
formulation showed the best performance for adhesion to the eectrophoretic overcoat of
epoxy. It wasfound that the non-chromate additive provides corrosion inhibition and that
the performance is competitive with chromate- converson treated duminum aloys.

Uncoated duminum aloy Al 2024 T3 samples show increased corrosion rate when exposed
to suspensons of marine bacteria (P. atlantica).

FUTURE WORK

The present work represents the second phase of amulti-year project. The principa tasks for the
coming years are;

1.
2.

3.

To decrease the conversion coating time to optimize the corrosion resistance of the coating.
To assess biocorrosion of bare and coated metal samples exposed to nutrient-poor bacteria
suspensons.

Design composites with arange of inhibitor release rates.

Test the Storage/release rate of pigments when incorporated in the wash primer coating.
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APPENDI X

This gppendix contains information about the experimental protocols used in the biocorrosion
experiments, as reported in reference 2 of the main manuscript. It also contains informetion
about publications and presentations related to this project.

Biocorroson Experiments Protocol (2)
Bacterial cultures

Cultures of amarine bacterium, Pseudomonas fluorescences (ATTC 43666), were established and
later used in (MIC) experiments. Briefly, P. atlantica is streaked from a— 75°C glycerol stock
onto an agar plate. A single colony is then picked and used to inoculate 5 mL of sterile Zobdll

2166 medium (5 g/L peptone, 1 g/L yeast extract, filtered seawater) without shaking at 19 °C.

After two days the inoculum is transferred into larger Erlenmeyer flasks kept at 19 °C. Oncethe
bacteria suspension reaches acdll density of at least 10° cdllgmiL, it is used for MIC experiments.

Biocorrosion Experiments

Biocorrosion experiments on uncoated duminum aloy Al 2024 T3 samples were initiated. Steps
involved are asfallows.

Metal Sample Preparation: Bare, unpolished duminum 2024 T3 square samples (7.6x7.6-cm)
were degreased and cleaned with DI water, acetone and acohol, air-dried in alaminar-flood hood
and gerilized by UV light overnight before each experiment.

Experimental Set-up: The experimenta set-up (figure A.1) conssts of a4-cm diameter, open
ends glass tube clamped to an duminum aloy sample; this resultsin a 12.6-cn exposed metal
surface areato the bacteria suspension. An ethylene propylene O-ring is used to creste a
watertight sedl.  After assembly, the set-up is Serilized by autoclaving at 121 °C for 20 minutes
before initiating the experiments.

Experimentsand Assessment of Biocorrosion: Biocorrosion experiments were conducted in
duplicate set-ups containing 200 mL of medium with or without bacteria (control) at 19°C for one
month. Electrochemica impedance spectroscopy (EIS) was used to assess the biofilm’s

contribution to corroson. Typica raw data obtained from the experiment are shown in figure A.2.
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1. Tang, Z.,N. Alvarez and S. C. Yang (2002). Organic/Inorganic Hybrid Materid for Coating
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FIGURE A.1l. Biocorroson experimental set-up.
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